37/48, serine 33/44, respectively (7, 8) . These phosphorylation events trigger the APC-mediated extraction of β-catenin/Arm from the complex and its subsequent transfer to the Skp1-Cul1-Fbox (SCF) β-TrCP/Slimb E3 ubiquitin ligase (9, 10) . Targeted degradation via the 26S proteasome can be achieved by the covalent addition of multiple ubiquitin molecules (polyubiquitination) to one or more lysine residues on a substrate protein (11) . This process requires the sequential actions of an E1 ubiquitin activating enzyme, an E2 ubiquitin conjugating enzyme and an E3 ubiquitin ligase, the latter being responsible for mediating the transfer of the ubiquitin moiety onto the recognized substrate destined for degradation (11, 12) . The E3 ligase that poly-ubiquitinates β-catenin/Arm is SCF β-TrCP/Slimb , a complex composed of the linker protein Skp1, the scaffold protein Cullin1, and the F-box protein β-TrCP/Slimb, a component that provides substrate specificity (13, 14) . β-catenin/Arm phosphorylated at serine 33/44 and serine 37/48 provides a consensus phosphodegron motif that is recognized by SCF β-TrCP/Slimb , leading to its polyubiquitination and rapid proteolysis by the 26S proteasome (14) . Thus, β-catenin/ Arm stability can be regulated at the level of either phosphorylation and/or ubiquitination (8, 13, 15, 16) . We here provide evidence that Drosophila Homeodomain-interacting protein kinase (Hipk) regulates the ubiquitination of Arm in vivo.
Hipks constitute an evolutionarily conserved family of serine/ threonine kinases (17) . Members of this family have been shown to have roles in several developmental processes including cell proliferation, differentiation, and apoptosis (17) . We have previously characterized Hipk as a positive regulator of Wg signaling (18) . In the Drosophila wing imaginal disc, reduction of hipk function resulted in diminished Arm protein levels, whereas overexpression of hipk stabilized and increased Arm levels, resulting in the hyperactivation of Wg-responsive target genes. We demonstrated similar molecular interactions in cell culture between vertebrate Hipk2 and β-catenin, suggestive of a conserved role for Hipks in promoting Wnt/Wg signaling (18) . We here provide evidence that Hipks stabilize β-catenin/Arm by binding and inhibiting the function of SCF β-TrCP/Slimb , in a process that is kinase-dependent. Moreover, we find that Hipks can also block SCF β-TrCP/Slimb -mediated ubiquitination to stabilize Gli/ Ci, the signaling effector of the Hedgehog pathway.
Results
hipk Genetically Acts at the Level of the Destruction Complex and/or Ubiquitination Machinery. In our previous study, we revealed that Hipk functions downstream of the Wg ligand-Frizzled receptor interaction to stabilize cytosolic Arm in the Drosophila wing Author contributions: S.S. and E.M.V. designed research; S.S. performed research; S.S. and E.M.V. analyzed data; and S.S. and E.M.V. wrote the paper.
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imaginal disc (18) , thereby possibly acting to inhibit the destruction complex and/or ubiquitination machinery that control Arm phosphorylation and ubiquitination, respectively. The arm gene is transcribed ubiquitously, but a cytosolic pool of Arm protein is stabilized only in two stripes of cells spanning the dorsal/ventral (D/V) boundary of the wing disc that receive the highest levels of Wg signaling during the third instar stage ( Fig. 1 A and A′) (19) . Overexpression of a UAS-hipk transgene in the posterior compartment of the wing disc using en-Gal4 promoted Arm stability and broadened its domain ( Fig. 1 B and B′) whereas knockdown of hipk using a UAS-hipk RNAi construct reduced Arm stability and constricted its domain in the posterior half of the wing disc ( Fig. 1 C and C′) . To assess the ability of Hipk to block the activity of the destruction complex and/or ubiquitination machinery, we expressed Drosophila axin (Daxin), cullin1 (Dcul1), and slimb, three negative regulators of Arm stability, and modulated hipk in these contexts to observe the effect on Arm protein levels. Overexpression of Daxin using en-Gal4 resulted in the loss of stabilized Arm at the D/V boundary in the posterior half of the wing disc (Fig. 1D ). Coexpressing hipk suppressed this effect of Daxin and rescued the levels of stabilized Arm (Fig. 1E) . Similarly, loss of stabilized Arm at the D/V boundary through the overexpression of Dcul1 (Fig. 1F) and slimb ( Fig. 1H ) could be rescued by coexpression of hipk ( Fig. 1 G and I) . These results suggest that Hipk functions to stabilize Arm through inhibition of the destruction complex and/or ubiquitination machinery. As a result, we would expect modulation of hipk to have minimal effect on Arm if it was already completely stabilized. This result can be observed through the generation of homozygous mutant MARCM clones for Daxin (Fig. S1A) , Dcul1 (Fig. S1D) , and slimb (Fig. S1G) , which resulted in stabilized Arm anywhere in the wing disc. Overexpression (Fig. S1 B, E, and H) or knockdown ( Fig. S1 C, F, and I) of hipk in these contexts had no effect on Arm stability. Thus, Hipk function is required for the inhibition of Arm phosphorylation and/or its ubiquitination. However, as Arm phosphorylation is a prerequisite for its ubiquitination (14) , these genetic assays do not distinguish between these possibilities.
Hipk Does Not Inhibit Arm Phosphorylation by Members of the Destruction Complex. Our genetic analyses suggested that Hipk suppresses Arm phosphorylation and/or ubiquitination in the wing disc. We thus investigated whether Hipk could inhibit one or both of these processes by using biochemical assays. An in vitro kinase assay was conducted by using Arm and the destruction complex members, CK1 and Sgg. The ability of these kinases to phosphorylate Arm in the absence and presence of GST-Hipk was evaluated by using an anti-phospho-β-catenin (S33/S37) antibody. As the consensus phosphorylation sites (along with the region surrounding them) at the N terminus of β-catenin are perfectly conserved in Arm (8) , the antibody that recognizes β-catenin phosphorylated at serine 33 and serine 37 also recognizes the corresponding phospho-epitope in Arm, serine 44 and serine 48 (20) . We find that GST-Hipk did not inhibit the ability of CK1 and Sgg to phosphorylate Arm in vitro ( Fig. 2A) .
Hipk Binds and Phosphorylates Slimb. As Hipk did not influence Arm phosphorylation by the destruction complex in vitro, we next tested if it interacted with the ubiquitination machinery, thereby possibly affecting Arm ubiquitination. We observed that GSTHipk could interact in a complex with Slimb protein extracted from Drosophila adults. This interaction is not a consequence of the GST-tag at the C terminus of Hipk, because the GST moiety alone did not bind Slimb (Fig. 2B) . Moreover, we found that GSTHipk could also phosphorylate Slimb in an in vitro kinase assay by using radiolabeled ATP (Fig. 2C ).
Hipk Inhibits Arm Ubiquitination in a Kinase-Dependent Manner. To evaluate whether Hipk had any effect on the ubiquitination of Arm, an in vitro ubiquitination assay was performed with E1, an E2 enzyme specific to SCF β-TrCP/Slimb (UbcH5), Slimb, and Arm. As Hipk might inhibit Slimb-mediated ubiquitination through phosphorylation, the immunoprecipitated E3 ligase and Hipk were first subjected to an in vitro kinase assay, before the ubiquitination assay with added Arm. In the presence of Slimb, Arm was abundantly ubiquitinated, as detected by an anti-poly-Ubiquitin antibody (Fig. 2D ). Preincubation with GST-Hipk in a kinase assay reduced the ability of Slimb subsequently to ubiquitinate Arm. We found that this ability of GST-Hipk to impede Slimb function was kinase-dependent, because preincubation with GSTHipk in a kinase assay in the absence of ATP did not block the subsequent Slimb-mediated ubiquitination of Arm (Fig. 2D) . We have previously shown that Hipk can phosphorylate Arm in vitro (18) . To confirm that Hipk's ability to reduce Arm ubiquitination was a consequence of its phosphorylation of Slimb and not Arm Fig. 1 . Hipk stabilizes Arm by inhibiting the function of members of the destruction complex and/or ubiquitination machinery. In wild-type w 1118 wing discs, Arm is stabilized in two stripes of cells adjacent to the D/V boundary (A and A'). Overexpression of hipk using en-Gal4 (expression domain seen by GFP stain in A'-C') enhances the levels of stabilized of Arm in the posterior compartment of the wing disc (B and B'), whereas the depletion of hipk through RNAi decreases the amount of stabilized Arm and constricts its domain at the D/V boundary in that compartment (C and C'). Using en-Gal4 to overexpress Daxin (D), the scaffold for the destruction complex, results in loss of stabilized Arm at the D/V boundary in the posterior compartment. This effect is rescued by the coexpression of hipk (E). Similarly, stabilized Arm is lost at the D/V boundary in the posterior compartment as a result of overexpression of members of the ubiquitination machinery, Dcul1 (F) and slimb (H). As in the case of Daxin, this effect is suppressed and the levels of stabilized Arm are rescued by the coexpression of hipk (G and I). Arrows are shown to indicate the position of the two stripes of stabilized Arm, which are affected in the experimental genotypes.
itself, the assay was repeated but with GST-Hipk and Arm in a kinase assay before the ubiquitination assay with added Slimb. As expected, preincubation of Hipk with Arm did not block its subsequent Slimb-mediated ubiquitination (Fig. 2D ).
Hipk Overexpression Decreases Ubiquitinated Arm and Increases
Phospho-Arm Levels. Our results suggest that Hipk regulates Slimb function in a kinase-dependent manner to reduce Arm ubiquitination. Correspondingly, when we assayed levels of ubiquitinated Arm from Drosophila, there was less ubiquitinated Arm in wing discs overexpressing hipk and more ubiquitinated Arm in wing discs reduced for hipk function, relative to wild type (Fig.  2E) . As reducing hipk function through RNAi results in less stabilized Arm due to enhanced degradation (18) , in the latter assay the discs were treated with MG132 to block proteasome-mediated degradation. Further, because Hipk inhibits the ubiquitination of phosphorylation-primed Arm, transfection of Drosophila S2 cells with Hipk not only resulted in an increase in the levels of cytosolic, stabilized Arm, but also increased the levels of phospho-Arm (S44/S48). This effect was similar to that observed when S2 cells were treated with MG132, which blocks the proteasome-mediated degradation of ubiquitinated Arm (20) (Fig. 2F ).
Conserved Mechanism of Regulation of β-catenin Degradation by
Vertebrate Hipk2. We showed that a vertebrate homolog of Drosophila Hipk, Hipk2, has a conserved function in positively regulating the stability of β-catenin and Wnt signaling in mammalian cell culture (18) . Moreover, this ability to stabilize β-catenin is kinase-dependent, because only Hipk2
WT but not Hipk2 K221R , a kinase-inactive version, can stabilize β-catenin (18) . To evaluate whether the mechanism by which Hipk2 stabilizes β-catenin is similar to its Drosophila counterpart, we carried out binding and ubiquitination assays. Hipk2 formed a complex with β-TrCP in HEK293T cells (Fig. 3A) and reduced the β-TrCP-mediated ubiquitination of β-catenin in vitro, in a process that depended on its kinase activity (Fig. 3B) .
Hipk2 Reduces the Affinity of β-TrCP for β-Catenin. In the presence of increasing amounts of Hipk2
WT in HEK293T cells, there was less β-catenin bound to β-TrCP (Fig. 3C) . This ability to reduce the amount of β-catenin bound to β-TrCP was kinase-dependent, because Hipk2 K221R had no effect on the ability of β-TrCP to interact with β-catenin, and is possibly the mechanism through which Hipk2 blocks the ability of β-TrCP to ubiquitinate β-catenin. 
Neither Hipk2
WT nor Hipk2 K221R had any effect on the stability of β-TrCP in HEK293T cells (Fig. 3C ).
Hipk2 Inhibits SCF
β-TrCP -Mediated Ubiquitination of Cellular Proteins.
In our analyses of the regulation of SCF β-TrCP by Hipk2, we tested whether this effect was unique to β-catenin or whether Hipk2 played a broader role to control the ubiquitination and stability of other proteins regulated by the SCF β-TrCP E3 ligase. When wholecell lysate from HEK293T cells transfected with β-TrCP was probed with an anti-poly-Ubiquitin antibody, β-TrCP-mediated ubiquitination of cellular proteins was observed (Fig. 3D) . We examined the effect of a dosage series of Hipk2 in the presence of β-TrCP and found that as the amount of Hipk2 WT was increased, there was a reduction in overall levels of protein ubiquitination (Fig. 3D) . This result suggests that Hipk2
WT may regulate the β-TrCP-mediated ubiquitination of more than one substrate of the E3 ligase. This effect was similar to that observed when the cells were treated with the E1 inhibitor, PYR41. In contrast, transfection of cells with an increasing dosage of Hipk2 K221R had no effect on the β-TrCP-mediated ubiquitination of cellular proteins (Fig. 3D) . In addition to Wnt/Wg signaling, the SCF β-TrCP/Slimb E3 ligase has been implicated in Hedgehog (Hh) signaling where it regulates the ubiquitination of the Hh signal transducer, Gli/Cubitus interruptus (Ci) (13) . In the absence of Hh signaling, Gli/Ci is sequentially phosphorylated by PKA, GSK3/Sgg, and CK1, which targets it for polyubiquitination via SCF β-TrCP/Slimb followed by incomplete proteolysis via the 26S proteasome. This incomplete proteolysis yields a truncated, repressor form of Gli/Ci, which moves into the nucleus to inhibit the expression of target genes of the pathway. Upon Hh pathway activation, the phosphorylation and, hence, subsequent ubiquitination/proteolysis of Gli/Ci is blocked, resulting in a full-length protein that translocates into the nucleus to activate gene transcription (21) . As Hipk inhibits the function of Slimb in Wg signaling and Hipk2 reduces the β-TrCP-mediated ubiquitination of cellular proteins, we wanted to test whether Hipk2/Hipk could also block the ability of β-TrCP/ Slimb to target Gli/Ci. As in the case of β-catenin (18), the introduction of Hipk2
WT but not Hipk2 K221R into mammalian cells increased the levels of endogenous stabilized, full-length Gli3 (Fig. 4A) . We next examined Hipk's effect on Hh signaling in Drosophila S2 cells by using a reporter construct (ptcΔ136-Luc) that responds to Ci binding (22) . Transfection of S2 cells with Hipk enhances the response of ptcΔ136-Luc in a dose-dependent manner, both in the absence and presence of Hh stimulation. To WT in the presence of β-TrCP leads to a gradual decline in levels of ubiquitinated cellular proteins, an effect similar to that produced by treating the cells with the E1 inhibitor PYR41. This ability of Hipk2 to inhibit the β-TrCP-mediated ubiquitination is kinase-dependent, because an increasing dosage series of Hipk2 K221R has no effect on cellular ubiquitination levels.
elucidate a response from ptcΔ136-Luc, it was necessary to introduce exogenous Ci because S2 cells have low endogenous levels of full-length Ci (22) . A reporter construct with mutated Cibinding sites (ptcΔ136-mut) did not show any response to Ci levels (22) (Fig. 4B) . Lastly, we examined Hipk's effect on Ci and Hh signaling in various Drosophila tissues. In the third instar wing disc, ci is expressed throughout the anterior compartment (23) but full-length Ci is stabilized only along the anterior/posterior (A/P) boundary where it turns on expression of its target gene patched (ptc) (Fig. 4 C, C′, and C′′) (24) . Overexpression of hipk using the ap-Gal4 driver increased the levels of stabilized, fulllength Ci (and ptc expression), with a broadening of its domain along the A/P boundary in certain regions of the wing disc (Fig. 4 D, D′, and D′′). Conversely, reducing hipk function through RNAi [or clonal analysis (Fig. S2) ] lowered the amount of stabilized Ci (and correspondingly ptc expression), resulting in a constriction of its domain along the A/P boundary (Fig. 4 E, E′, and E′′). In the eye imaginal disc, Hh signal transduction and full-length Ci are present in the morphogenetic furrow (MF), a physical indentation that moves across the disc to cause retinal specification (25) . Lossof-function clones for hipk that span the MF showed a reduction in full-length Ci and expression of its target gene dpp (Fig. 4 F, F′ , and F′′). These analyses strongly suggest that Hipks have a conserved function from Drosophila to mammals in dually regulating the stability of Arm in the Wg pathway and Ci in the Hh pathway (Fig. 4 G, G′ , and G′′).
Discussion
Our study elucidates the mechanistic details through which Hipk acts as a positive regulator of Arm stability in Wg signaling. We show that Hipk acts at the level of the ubiquitination machinery as opposed to the destruction complex, to control Arm degradation. Hipk does not affect the phosphorylation of Arm by CK1 and Sgg in the destruction complex. Rather, it binds Slimb, a component of the E3 ubiquitin ligase, to inhibit the polyubiquitination of phosphorylation-primed Arm. A functionally conserved molecular interaction is observed among the vertebrate homologs, Hipk2, β-catenin, and β-TrCP. Interestingly, we find that this ability of Hipk to inhibit Slimb-mediated ubiquitination is not substrate-specific. Hipk also stabilizes another Slimb substrate, Ci in the Hh pathway, thereby reflecting an ability to have a more universal inhibitory effect on Slimb. The Wnt/Wg and Hedgehog signaling pathways share many common features, including the negative regulation of the stability of their effector proteins through constitutive phosphorylation by the actions of the CK1 and GSK3/Sgg kinases (26, 27) . Our study characterizes the role of a third kinase, Hipk, which functions in both pathways to directly promote rather than inhibit the stability of their respective transcriptional effectors. As Hipk is involved in multiple signaling pathways, it is possible that its activity is selectively regulated by individual pathways. An emerging theme with respect to signaling redundancy is that , and D''), relative to a wild-type wing disc (C, C', and C''). Conversely, knockdown of hipk reduces the levels of stabilized Ci and results in lower levels of ptc expression. (E, E', and E''). Arrows indicate the region of the disc in which stabilized Ci and Ptc are affected. Loss-of-function clones for hipk in the eye disc induced using the ey-flp strain show a reduction in the levels of stabilized, full-length Ci and the Hh target gene dpp (F, F', and F''). Loss-offunction clones for hipk in the eye disc show a reduction of both Arm and Ci, indicating that Hipk dually regulates both the Wg and Hh pathways (G, G', and G''). Arrows indicate locations of hipk loss of function clones.
kinases are present with their substrates in distinct complexes and subcellular locations and, as a consequence, are controlled by different upstream stimuli. Future studies should almost certainly entail how the activity of Hipk is regulated in response to the Wg and Hh signals. However, we cannot exclude the possibility that rather than being actively regulated by the Wg and Hh signals, Hipk plays a permissive role in these pathways.
A recent study performed in Xenopus suggests that Hipk2 promotes Wnt signaling by phosphorylating TCF3 to derepress the expression of target genes (28) . Indeed, we have also observed an interaction between Hipk and TCF in the nucleus (18) , suggestive of Hipks acting at multiple levels in the Wnt/Wg pathway, another feature reminiscent of the CK1 and GSK3/Sgg kinases (2).
Experimental Procedures
Details on fly strains and plasmid constructs can be found in SI Experimental Procedures.
Immunohistochemistry. Wing and eye imaginal discs were dissected from Drosophila third instar larvae and antibody stainings were performed according to standard protocols by using anti-Arm N2 7A1 (1:200), anti-Ci 2A1 (1:40), anti-Ptc (1:50) (Developmental Studies Hybridoma Bank), and anti-β-galactosidase (1:1,500) (Promega). Discs were mounted in Vectashield (Vector Laboratories) and oriented with their anterior to the left.
Biochemical Assays. The Slimb protein used in all assays was immunoprecipitated from lysate extracted from Drosophila Tub > Myc-Slimb adult flies. In the binding assay, GST-Hipk produced in Escherichia coli BL21 cells according to standard procedures was incubated with Slimb lysate, and the proteins were immunoprecipitated by using GST beads (Amersham) followed by SDS/ PAGE/Western blotting. Kinase assays were performed by using kinase assay buffer/ATP (Cell Signaling Technology) with GST-Hipk and other proteins immunoprecipitated from Drosophila S2 cells. Kinase assay reactions were incubated at 30°C for 30 min followed by SDS/PAGE/Western blotting and detection with a phospho-specific β-catenin (S33/S37) antibody (1:750) (Cell Signaling Technology) or autoradiography. The kinase assays that were performed immediately before the ubiquitination assays followed the same protocol with the relevant immunoprecipitated proteins. For the ubiquitination assays, E1, E2 (UbcH5), Mg-ATP solution, ubiquitin, and ubiquitination buffer (Enzo Life Sciences) were mixed with immunoprecipitated Arm/ β-catenin, Slimb/β-TrCP, and GST-Hipk/Hipk2
WT or Hipk2K 221R . The reactions were incubated at 37°C for 1 h followed by SDS/PAGE/Western blotting and detection with an anti-poly-Ubiquitin antibody (1:1,000) (Enzo Life Sciences).
Cell Culture. Drosophila S2 cells were maintained at 25°C in Schneider's medium supplemented with 10% heat-inactivated FCS (Invitrogen). Cells were transfected with Effectene reagent (Qiagen) according to the manufacturer's instructions. Twelve hours after transfection, genes with metallothionein promoters were induced by the addition of CuSO 4 (final concentration of 0.5 mM). HEK293T and COS7 mammalian cells were cultured at 37°C in DMEM supplemented with 10% FBS (Invitrogen). Transfection was performed with Polyfect reagent (Qiagen) according to the manufacturer's instructions. Where required, the final amount of DNA used for transfection was kept constant by the addition of empty vector DNA. All cells were harvested 48 h after transfection by using lysis buffer supplemented with protease inhibitors (Cell Signaling Technology). For the stability assay, MG132 (Calbiochem) was used to treat cells at a concentration of 25 μM for 6 h. For the cellular ubiquitination assay, PYR41 (Calbiochem) was used to treat cells for 1 h at a concentration of 50 μM. For the fractionation assay, the Subcellular Protein Fractionation Kit (Thermo Fisher) was used according to the manufacturer's instructions.
Transcriptional Assay. Luciferase assays were performed with the Dual Luciferase Reporter assay system (Promega) according to manufacturer's instructions by using the reporter plasmids ptcΔ136-Luc and ptcΔ136-mut that contain a wild-type and mutated ptc promoter, respectively. A control reporter plasmid pDA-RL that expresses Renilla luciferase was used for normalizing transfection efficiencies. The values shown are the average of one representative experiment in which each transfection was performed in triplicate. Hh-N conditioned medium was produced by transfecting S2 cells with a plasmid that encodes the active Hh molecule and then recovering the medium 3 d after transfection.
Drosophila Lysate Extraction. Extraction of lysate from adult flies was performed by homogenizing fly tissue in lysis buffer, followed by sonication and recovery of protein lysate. To detect levels of ubiquitinated Arm, 150 wing discs of each genotype were harvested in lysis buffer. To inhibit Arm degradation, wing discs were treated with MG132 at a concentration of 25 μM for 6 h in Schneider's medium.
